Since that time, and subject to the availability of suitably experienced pathologists, we have investigated all fatal Service and civilian aircraft accidents at home and all British passenger aircraft accidents abroad.
Early this year a toxicological facility was added. The object is to develop methods of screening aircrew autopsy tissues for possible toxic poisons such as carbon monoxide or therapeutic drugs which may either have had some effect on the pilot's judgment or indicate some underlying disease for which he had been under treatment. As described by Wing Commander Stevens (this page), this new facility has already provided factual assistance far in excess of what had been anticipated.
In concluding these introductory remarks I think I can say that the Department has now achieved respectability. In 1957 Group Captain Mason was awarded the L G Groves Memorial Prize for the most important contribution during the year towards the safety of aircraft and flying personnel; in 1959 he was awarded the Richard Fox Linton Memorial Prize for the most outstanding work by a medical officer during the year in the investigation of flying accidents and the advancement of measures for the promotion of flight safety. His book, 'Aviation Accident Pathology', the only textbook in the world on this subject, was published in 1962 (London).
Wing Commander Stevens was awarded the Richard Fox Linton Memorial Prize in 1963 and in 1967 he was awarded the OBE for his outstanding work in the field. In addition, he has built up a close liaison with police departments throughout the country. We now provide a lecturer to the Police Staff College course in which we emphasize the part to be played by the police in assisting the medical investigation of all disasters involving mass casualties and aircraft accidents in particular. Medical evidence is particularly important in determining the cause of an accident whenever there is any question of the pilot suffering from a natural disease which could have given rise to an acute partial or complete incapacitation or which could have so influenced his level of efficiency as to cause him to make an error of judgment in handling his aircraftparticularly if some emergency had already arisen. Medical considerations are also of paramount importance if there is evidence of intoxication by carbon monoxide, alcohol or other drugs which could similarly have caused a decrease of the pilot's efficiency or where his incapacitation was due to sabotage of any description.
Natural Disease A number of conditions may cause a man to suffer sudden partial or complete incapacitation. Rupture of a berry aneurysm, spontaneous pneumothorax, perforation of a peptic ulcer and renal colic would appear in any list of potentially incapacitating conditions but by far the commonest and most serious is coronary insufficiency due to atherosclerosis. Focal or isolated myocarditis may also be of particular importance. The following sases are cited as examples of the problems inherent in the subject.
Case 1 A pilot with severe coronary artery disease causing at least 95% occlusion of one main artery landed his aircraft safely but, while it was still rolling at speed, he collapsed and died in his seat (Mason 1963). In the circumstances the cause of his death was clear enough. His diseased coronary artery would, however, have looked exactly the same the day before and the day before that; had he flown his aircraft into Aden a week before and been shot down by a terrorist bullet the circumstances would have dictated that the severely diseased coronary arteries found at autopsy were coincidental and in no way related to the cause of his death. In fact there is a case on record of an aviator with apparently just as severe if not a greater degree of coronary artery obstruction than the above (Stevens & Tarlton 1966) who was killed in an aircraft accident in which an unequivocal technical cause was demonstrated; there was no question that the accident was precipitated by physical incapacitation.
The important point to be appreciated is, therefore, that the significance of any evidence of natural disease found in the body of a pilot of a crashed aircraft must be assessed in the light of the circumstances and all the available evidence about the accident. The pathologist who attempts, at the autopsy table, to interpret his pathological findings in isolation is likely to make deductions which could later prove quite erroneous.
Case 2 Severe coronary artery disease was found in a 41-year-old army officer who belonged to a civilian gliding club and died when his glider crashed (Stevens 1966) . After performing a loop the wing came off.
At first sight a connexion between the coronary artery disease and the glider's structural failure was not apparent. However, eye witnesses reported that the glider flattened out unexpectedly quickly from the downward leg of the loop and even nosed up a little, almost as though a second loop were to be attempted; it was at that point that the wing snapped. The pilot was experienced and it seemed inconceivable that he would, through sheer incompetence, overstress and break the aircraft. However, his already poor coronary circulation would undoubtedly have been embarrassed still further by the 'g' imposed during the loop. This being so, it might be thought that he collapsed from an attack of acute coronary insufficiency as the aircraft came over the top and started to dive. But collapse with unconsciousness or death at this point is hardly a tenable hypothesis since, had that happened, the control column would surely have fallen forward causing the aircraft to dive straight to the ground. If, however, the pilot suffered no more than a very severe angina, the sequence of events that occurred can be explained. Severe chest pain might well cause a competent pilot to pull back the stick relatively forcefully in order to straighten and level the machine as quickly as possible; such an emergency might easily trap him into overstressing his glider. If this explanation is to be accepted it must be known whether a pilot suffering an acute anginal attack would have the strength to pull back the control column with sufficient force to overstress the glider. The appropriate inquiries in this case indicated that it would have been quite possible; the glider concerned was particularly light on the controls and relatively little force on the stick would have been required to produce destructive overstressing. Case 3 This case concerns two pilots in a commercial freight-carrying machine while approaching to land (Stevens 1968a) . A ground-controlled approach was made until the aircraft broke through cloud at about 500 ft (150 m). The captain found himself well in line for the runway and announced that he was proceeding with a visual approach. The descent to about 100 ft (30 m) continued but, thereafter, the aircraft commenced a slow turn to starboard. The bank steepened and the aircraft continued until it crashed into a factory roof nearby.
The co-pilot's myocardium showed areas of focal myocarditis in some of which there was evidence of degeneration and loss of muscle fibres. The changes were moderatelyextensive, appearing in over a third of the 110 sections examined from blocks representative of all parts of the myocardium. The myocarditis seemed, therefore, to be more extensive than in some of the cases reported by Gormsen (1955) and Corby (1960) in which death was ascribed to the myocardial inflammation. However, the hypothesis that this accident was caused by collapse or death of the co-pilot in such a way as to cause a loss of control from which the captain was unable to recover could not be substantiated. A similar aircraft was taken to a safe height and every endeavour made to reconstruct the ffight path of the crashed aircraft. A simulated collapse of the co-pilot was tried with full fastened harness, with fastened lap belts only, with the captain at the controls and with the copilot at the controls at the time, but it proved impossible to reconstruct the accident on the basis of the co-pilot having collapsed from his focal myocarditis.
Case 4 Mason (1962) has described a case which emphasizes further the difficulty of interpreting microscopic myocarditis in relation to the accident in which the subject has been killed. In this instance the pilot died as a result of incorrect servicing of his ejection seat. When the aircraft was subjected to negative 'g' the seat rose up the rails because the lower locking device had not been engaged. As a result the secondary cartridges were fired and the pilot was involuntarily ejected. This need not have been a fatal accident; the seat, however, had beenvery badlyserviced and the lifting line had been misrouted so that the pilot did not separate from his seat. He was killed when the man/seat combination hit the ground. His myocarditis was, without any doubt, an incidental finding.
Case 5 This cannot be discussed in detail since it is currently the subject of litigation. Suffice it to say that, on the one hand, the pilot was found to have focal myocarditis while on the other there was technical evidence of malfunction of one of the captain's flight instruments. This instrument supplied information about the aircraft's attitude and on the basis that it was faulty, it was possible to furnish a plausible explanation for the accident as it was observed to bappen. Thus, in this instance, there were two competing theories as to the cause ofthe acoident. Franks (1959) has shown howthe summation of individually minor physiological problems can lead to catastrophe. The concept of a pilot-error accident due to non-incapacitating subclinical illness giving rise to a diminished performance of flying skill and judgment, especially in the handling of an emergency, is a simple one; it is not easy, however, to illustrate the point with unequivocal examples. A variety of pathological conditions has been found in both service and civilian pilots killed in crashed aircraft. We have had two pilots with sarcoidosis, two with evidence of a respiratory allergy -one was a definite canine allergy, and a single case of microscopic but presumably symptomless encephalitis, but the degree to which any of these diseases has contributed to the accident concerned has been difficult to assess.
Carbon Monoxide, Alcohol and Drugs
Carboxyhaemoglobin: The condition of reduced efficiency due to subclinical disease is not very different from that of reduced efficiency due to intoxication. Another accident which cannot be reported in detail at the present time occurred when an aircraft was some miles off course and crashed into high ground. Raised carbon monoxide levels were found in the three pilots, the highest being about 18 % in the captain, lowest in the second officer (7%), and intermediate (13%) in the first officer. The type of cockpit heater in the aircraft was one which, if defective, might cause leakage of products of combusion into the cockpit atmosphere; this heater was nearest to the captain and furthest from the second officer.
The technical investigators were asked to return to the site and make a special search for the cockpit heater. They found it and discovered that there was indeed a pre-crash defect. However, it was shown that engineers as well as pathologists cannot accept any evidence at face value and without very careful assessment. Experimentation with heaters deliberately damaged to simulate that in the crashed aircraft failed to prove that a dangerous amount of carbon monoxide could have leaked into the cockpit from that particular type and amount of pre-crash damage. The tissue carbon monoxide estimations were rechecked and appeared correct and, as parts of the apparatus had not been recovered, it was felt that the important pre-crash defect could well have been in a part of the heater not found. Experiments with these heaters are still in progress.
Carbon monoxide intoxication of as little as 5 % can affect performance in certain tests of higher cerebral function, while 15-20 % carboxyhwmoglobin can cause poor performance in simple choice discrimination, arithmetic, plural noun underlining and 't' crossing tests. It is likely that complex cerebral functions involving judgments, situational decisions and responses may well be affected with 20 % carboxyhemoglobin or less at sea level (Schulte 1963) . McFarland et al. (1944) have shown that pilots flying at altitude with a degree of carboxyhemoglobin intoxication have a physiological altitude in excess of the true altitude; thus, at 9,000 ft (2,750 m) with a 60% level of carboxyhaemoglobin a pilot has a physiological altitude of about 12,500 ft. (3,800 m). His hypoxic state is one which has long been regarded as unsafe; oxygen is essential at altitudes in excess of 10,000 ft (3,000 m).
The significance of carbon monoxide as a cause of the accident in question had to be assessed in relation to the nature of the series of errors made by the crew and which had resulted ultimately in the accident. A consideration of the nature of these errors gave rise to the opinion that, although carbon monoxide could not be blamed wholly and unequivocally for their commission, it was more than probable that the intoxication was the main contributory factor. Alcohol: We have not found intoxication by alcohol to be a factor in any public transport or military accident which incurred fatalities. However, a recent analysis (Stevens 1968b ) of 55 fatal light aircraft accidents including 35 civilian cases showed one case where the aircraft was stalled on take-off by an experienced pilot who put the machine into a very steep climb. The pilot had 161 mg alcohol per 100 ml blood and few would dissociate this from the cause of the accident. A second case probably involved alcohol; as the aircraft was lost in unknown circumstances at sea and the pilots' bodies recovered only after a lapse of several days in one instance, and weeks in the other, the evidence was inconclusive. Alcohol was estimated in the blood of 35 pilots who were involved in 28 accidents. The incidence of alcohol associated with fatal accidents was found to be only 6-8 %. This was similar to the incidence that Reals et al. (1964) obtained in America; both series are in marked contrast to the results of Harper & Albers (1964) who attributed 35-4% fatal light aircraft accidents in the USA to alcohol. Drugs: A research facility has been set up recently at the Home Office Central Research Establishment, in co-operation with staff of the Institute of Pathology and Tropical Medicine. It was there that the tissue carbon monoxide analyses referred to above were carried out. One of the aims of the department is the eventual realization of the ideal of comprehensive routine toxicological screening of tissues from aircraft accident fatalities. The immediate need is to develop or adapt methodology which will enable drugs, ingested in therapeutic doses, to be detected even in those tissues in which drugs are least concentrated. Consider-able advances have already been made; in two recent cases drugs were found in the pilots' tissues and in each case their presence had to be considered a contributory factor to the accident. In oneperhaps the more important of the twothe pilot had had a cold and was given Triominic, a triple antihistamine, on the morning of the day he died. He was killed when his aircraft dived out of low cloud and, despite an apparent attempt at recovery, crashed into rising ground. This pilot had reported a few minutes beforehand flying in broken cloud at 2,000 ft (600 m) -a situation in which pilot disorientation can occur. On this occasion not only was the pilot suffering from a cold, which can produce some disturbance of middle ear function, but he had also been given a drug, whose effect could have increased his susceptibility to disorientation. The demonstration of the three antihistamines in a sample of kidney, taken at autopsy, proved that the pilot had commenced treatment with Triominic.
Sabotage
There have been nearly 20 reported cases of sabotage to aircraft of the world's airlines since World War II. Most of these have involved bombs, but other forms of sabotage have occurred: one involved a mentally deranged gunman appearing on the flight deck and shooting the crew. X-rays of at least the operative crewideally of all occupantsare important if evidence of sabotage is not to be missed. There was a particular alert for evidence of sabotage during investigation of the Transair DC 6B which crashed near Ndola in 1961, killing Mr Dag Hammarsjkold, Secretary-General of the United Nations Organization. The bodies of all occupants were X-rayed and some showed bullets (Stevens 1968a) . However, they also showed percussion caps and fragmented cartridge cases, which could only have resulted from ammunition exploding in the post-crash fire, and not from bullets fired down the breach of a firearm. Recovered bullets were examined for rifling marks and none was found. The bodies concerned were all badly incinerated but, when identified, proved to be those of soldiers in whose possession there would have been magazines of ammunition. Again, this was an instance showing that the search for evidence of the cause of an accident must be diligent, and that any evidence found must be very carefully evaluated.
Conclusion
Experience gained from a large number of aircraft accident investigations has shown that, if the medical and pathological contribution is to be sound, detailed autopsies, followed by comprehensive histology, toxicology and, when appropri-ate, radiology, are essential. The findings, however, must be viewed very critically in the light of all the evidence, the circumstantial and engineering evidence, and indeed the whole accident history.
Group Captain J K Mason (RAFInstitute ofPathology and Tropical Medicine, Halton, Buckinghamshire)
Reconstruction of a Fatal Aircraft Accident from the Medical Findings
It could be argued that the reconstruction of an aircraft accident is essentially a matter for the engineering investigators. But modem concepts of accident investigation, including, as they do, varied approaches through the engineering, flight safety and medical branches, involve the application of a number of disciplines, working on different lines; ultimately these arrive at the same end-point where the evidence collected by each investigator can be gathered into a coherent interpretation.
Working essentially from the human wreckage of an accident, the pathologist's approach to accident reconstruction seems to be along four main channels, none of which is entirely selfcontained but which can be summarized as follows (Mason 1968a ):
(1) Identification of the cause of the accident: The pathologist may be in a position to identify toxicological, physiological, physical and, occasionally, nonmedical causes of the accident. Although inseparable from the problem of accident reconstruction, cause identification will not be considered further in this paper.
(2) Estimation of the sequence of the accident: The identification of various stages of injury is of particular importance in the investigation of fatal inflight escape attempts.
